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 
Abstract—This paper presents experimental results of the 
electric vehicle (EV) operation as an off-line uninterruptible 
power supply (UPS). Besides the traditional grid-to-vehicle (G2V) 
and vehicle-to-grid (V2G) modes, this paper presents an 
improved vehicle-to-home (iV2H) operation mode. This new 
operation mode consists in the detection of a power outage in the 
power grid and the change of the EV battery charger control to 
operate as an off-line UPS. When the power grid voltage is 
restored, the voltage produced by the on-board EV battery 
charger is slowly synchronized with the power grid voltage 
before a complete transition to the normal mode. This paper 
presents results of two algorithms to detect a power outage: the 
rms calculation method based on half-cycle of the power grid 
voltage, and the rms estimation based on a Kalman filter. The 
experimental results were obtained in steady and transient state 
considering two cases with the EV plugged in at home: when 
charging the batteries, and without charging the batteries. The 
paper describes the EV battery charger, the power outage 
detection methods and the voltage and current control strategies.  
 
Index Terms—Electric vehicle, Kalman filter, improved 
vehicle-to-home (iV2H), Off-line UPS. 
I. INTRODUCTION 
HE electric vehicle (EV) has attracted the attention of the 
transports sector, mainly due to environmental concerns 
and restrictions on energy resources [1][2]. In this context, 
with the EV introduction in the power grids, several 
opportunities emerge, and this represents a step forward to the 
users and to the smart grids [3][4][5]. For instance, a 
coordinated EV battery charging to minimize power quality 
problems is presented in [6], the EV integration considering the 
energy management for homes is presented in [7], and 
considering the power grid technical operation and the markets 
is presented in [8]. The EV integration combined with 
renewable energy systems for reducing emission is presented in 
[9] and an optimization of the power grid is presented in [10]. 
Concerning the power quality, the EV can be used to 
compensate current harmonic distortion, to exchange active 
power through the grid-to-vehicle (G2V) and vehicle-to-grid 
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(V2G) operation modes [11], and to inject reactive power to 
the power grid [12][13]. 
Besides the G2V and V2G modes, the EV operation as a 
power source, when disconnected from the power grid, is 
presented in [14]. Similarly, the EV operation as a battery 
storage and as a backup generator in homes is presented in 
[15]. This concept, denominated vehicle-to-home (V2H), can 
be used to feed any electrical appliance in the place where the 
EV is parked. However, it does not have the capability to 
operate as an off-line uninterruptible power supply (UPS). To 
overcome this drawback, the operation of the EV battery 
charger as off-line UPS was initially proposed by the authors in 
[16]. However, preliminary results have been validated only 
with linear electrical appliances, which is not a realistic 
condition. It is important to highlight that the terminology V2H 
can also aggregate the G2V and V2G when the EV plugged in 
at home [17]. However, in such case, the EV cannot operate as 
a backup power source, i.e., as an off-line UPS.  
In the scope of this paper, the initial V2H operation mode 
was improved in order to allow a faster detection of a power 
outage and consequently a reduced transference time. Also, this 
new mode can operate with nonlinear electrical appliances. 
Therefore, it is denominated improved vehicle-to-home (iV2H) 
operation mode. This iV2H operation mode is specially 
dedicated to smart homes in order to provide energy to the 
electrical appliances during power outages, contributing to 
improve the reliability and the security of the power grid 
against failures (e.g., when major natural phenomena occur). 
Fig. 1 shows this concept framed with the G2V and V2G 
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Fig. 1. Electric vehicle operation modes: Grid-to-Vehicle (G2V); 
Vehicle-to-Grid (V2G); improved Vehicle-to-Home (iV2H). 
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operation modes and the normal operation of the home.  
The main purpose associated with the iV2H operation mode 
is to show that the EV can represent an asset to smart grids and 
smart homes besides the traditional approaches. These 
approaches include the role of the EV in smart homes as an 
energy storage system [18], its flexible integration to manage 
the smart home energy consumption [19] and user comfort 
[20], and an optimal centralized scheduling to combine its 
integration with the home electrical appliances consumption 
[21]. Nissan already proposed the utilization of the EV with 
smart homes through the “LEAF to Home” system [22]. Also 
Mitsubishi and Toyota have similar systems [23]. However, 
using these systems, the EV cannot operate as an off-line UPS.  
In this sequence, the main contributions of this paper are: the 
experimental validation of the proposed iV2H operation mode 
(EV as an off-line UPS) using an EV battery charger framed in 
a smart home with nonlinear electrical appliances (i.e., currents 
with harmonic distortion); the comparison of two digital 
control algorithms for EV battery chargers towards to detect 
power outages; the iV2H operation mode for EV battery 
chargers with a Kalman filter considering nonlinear electrical 
appliances; an on-board EV battery charger capable of 
performing a fast transition (low transfer time) from the G2V 
(charging the batteries) to the iV2H operation mode (operation 
as an off-line UPS) and vice-versa (i.e., capable of performing 
a smooth synchronization with the power grid voltage). 
The iV2H operation mode is described in detail along the 
paper, where a special emphasis is given to the main 
contribution of the paper, i.e., the usage of an EV battery 
charger for the detection of power outages, to the operation as 
an off-line UPS, and to synchronization strategies when the 
power grid voltage is restored. The iV2H operation mode was 
validated through simulation and experimental results both in 
steady and transient state when the power outage occurs and 
for two cases: when the EV is plugged in at home but not 
charging the batteries, and when it is plugged in and charging 
the batteries. 
The paper is organized as follows: after the introduction, 
section II presents a comparison of two digital control 
algorithms to detect power grid outages. The experimental 
results of the EV battery charger during the power outages and 
during the synchronization with the power grid voltage are 
presented in section III. Section IV presents the digital control 
algorithms for the EV battery charger during the G2V, V2G, 
and iV2H operation modes. Section V presents the 
experimental results both in steady and transient state that 
validate the iV2H operation mode. Finally, section VI presents 
the main conclusions that illustrate the benefits of the iV2H 
operation mode (operation of the EV as an off-line UPS) as an 
emerging technology for smart homes and smart grids. 
II. iV2H OPERATION MODE 
Fig. 2 shows a typical principle of operation of the on-board 
EV battery charger through the G2V and iV2H operation 
modes, where, vg denotes the power grid voltage, vpll indicates 
the PLL output signal, vea implies the voltage applied to the 
electrical appliances, iea means the current in electrical 
appliances, and iev refers to the EV current. This figure was 
obtained through computer simulations using the simulation 
 
Fig. 2. Principle of operation of the proposed on-board bidirectional EV battery charger through the G2V and iV2H operation modes. 
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tool PSIM v9.0. As it can be seen, in a first stage the on-board 
EV battery charger is controlled to operate in the G2V 
operation mode. In a second stage, when a power outage 
occurs, the on-board EV battery charger changes the control 
algorithm to the iV2H operation mode. When the power grid 
voltage is restored, the PLL output signal is resynchronized 
with the power grid voltage and consequently the vea is 
resynchronized with the grid voltage. When this 
resynchronization is complete, the on-board EV battery charger 
returns to the G2V operation mode (current control mode). The 
flowchart that illustrates the complete EV battery charger 
control algorithm behavior is shown in Fig. 3.  
Nowadays, considering the trade-off cost/benefits, in most of 
the countries, it is not viable to install an UPS in each home. 
Therefore, the proposed iV2H operation mode is an interesting 
solution without introducing extra costs or the change of the 
EV battery charger hardware. Moreover, this operation mode is 
more relevant considering that the EVs are parked at home 
between 9 p.m. and 6 a.m. and using a standard single-phase 
230 V outlet [24]. It is important to note that this period, as 
well as the charging power, may vary according to the different 
charging levels (SAE) and modes (IEC 62196). In part, this 
period coincides with the largest energy consumption at home. 
It is also important to note that the EV represents an asset for 
power grid, because it can operate as a versatile active element, 
capable of consuming, storing, and providing energy. 
However, the EV with the iV2H operation mode (an off-line 
UPS) is to support the smart home according to the user’s 
needs, i.e., it is not used to support the power grid. Using the 
iV2H operation mode, energy from the EV batteries is used. 
Therefore, this operation mode is not suitable for long periods 
of time, i.e., it should be used only during power outages. 
Moreover, the maximum amount of energy removed from the 
EV battery can be defined by the EV driver, and the total 
power of the electrical appliances cannot exceed the nominal 
power of the on-board EV battery charger (3.5 kW).  
A. Grid Voltage rms Calculation Method 
The most common method to detect power outages is based 
on the calculation of the voltage rms value and the assumption 
that when this value is lower than a predefined threshold, a 
power outage occurs. The simplest way to perform this task 
consists in using (1) to calculate the rms value: 
????? ? ?
?
??? ??
????
?
?
???? (1) 
where, vg(t) represents the instantaneous value of the power 
grid voltage and VG(t) means the rms value during the period 
(T). However, to speed up the calculation, the rms value can be 
calculated only in a half-cycle and using a sliding window 
average of the rms values. The digital implementation of the 
sliding average for the instant k is obtained using (2) and (3). 
?????? ? ????? ? ?? ???????? ? ?? ? ???????? (2) 
????? ? ????
??????
??
?? (3) 
where, VG2[k] is the average of the square value of the power 
grid voltage, N is the number of samples used in each cycle of 
the power grid voltage, fs denotes the sampling frequency, and f 
indicates the fundamental frequency of the power grid voltage. 
B. Grid Voltage rms Estimation Method 
As an alternative to the aforementioned method, a Kalman 
filter can be used to estimate the rms value of the power grid 
voltage [25]. This strategy consists in estimating the 
instantaneous amplitude of the fundamental power grid voltage 
(s[k]) and its quadrature signal (q[k]). These values are 
estimated using the following state estimation model: 
???? ? ????? ? ???? (4) 
where, ???? is the estimation of ???? that is defined by: 
???? ? ?
????
????? ?? ?
????????????????
????????????????
??? (5) 
and A is the state transition matrix defined by: 
? ? ?
???????? ????????
????????? ????????
??? (6) 
The estimation of the covariance matrix is defined by: 
????? ? ????? ? ?? ?? ?? ? ?? (7) 
where, Q is the covariance matrix. The optimal Kalman gains 
are obtained with the matrix: 
????? ?? ??????? ??????????? ? ?? ??????? (8) 
where, ????? is the estimation of the covariance, R is 
represented by a scalar, and H is defined as: 
? ? ?? ???? (9) 
With the previous set of equations the state estimation can 
be updated through: 
???? ? ??? ? ?? ????????? ? ????? ? ???? (10) 
 
Fig. 3. Flowchart of the EV battery charger control algorithm. 
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Finally, the estimation of the power grid voltage rms value is 
given by: 
?? ?
??? ??? ? ?????
??
?? (11) 
In the scope of this paper is assumed that a power outage 
occurs when the voltage rms value decreases below 85% of its 
nominal value. This threshold is in accordance with standard 
EN 50160. Henceforward, this value will be used as a reference 
to the analysis presented in this paper. The aforementioned two 
methods (rms value calculation and estimation) were compared 
through simulations results in order to assess the performance 
of both methods. Fig. 4 shows a comparison of both methods 
based on simulations results. In this comparison, the voltage 
sag depth (%), the voltage angle (degrees) where the sag is 
identified and the time (ms) required to detect when the rms 
value of the voltage is below 85% were considered. 
Considering the obtained results shown in Fig. 4 and bearing in 
mind that the on-board EV battery charger must have a small 
transfer time from the G2V to the iV2H operation mode, the 
Kalman filter method to estimate the power grid rms voltage is 
the most suitable for faster detection of the power outages in 
most of the situations. Hereinafter, the Kalman filter method is 
used to obtain the experimental results. It is important to note 
that the digital implementation of the Kalman filter method is 
more complex and requires more memory resources than the 
traditional rms calculation. In the scope of this paper, using a 
sampling period of 25 μs, the calculus of Kalman filter method 
requires 4.4 μs and the calculus of traditional rms requires 
0.8 μs. 
C. Synchronization with the Power Grid Voltage 
In order to implement the G2V and V2G operation modes, 
the on-board EV battery charger current reference must be 
synchronized with the fundamental component of the power 
grid voltage. This synchronization is achieved using an 
algorithm of a single-phase phase-locked loop (PLL). In the 
scope of this paper the enhanced PLL proposed in [26] is used.  
1) Power Outage  
As aforesaid, in the G2V and V2G operation modes the PLL 
is synchronized with the fundamental component of the power 
grid voltage. When the rms value of the power grid voltage 
falls below 85% of its nominal value it is considered that a 
power outage occurs. In those situations, the switch sw (c.f., 
Fig. 6) is opened to isolate the home from the power grid, and 
the phase-error of the PLL algorithm is forced to be zero, so 
that the output signal of the PLL will be a sinusoidal signal 
with a frequency of 50 Hz. This output signal is used to obtain 
the voltage reference to the ac-dc converter. Fig. 5 shows the 
experimental results of a situation when a power outage occurs. 
As it can be seen, the vpll signal is maintained with the same 
amplitude and frequency. In this figure the analog signal of the 
power grid voltage is represented, as well as its digital signal in 
comparison with the vpll signal.  
2) Voltage Restoration 
During a power outage, the PLL output signal maintains the 
same frequency and amplitude that it had before the power 
outage (the phase-error is forced to be zero). When the power 
grid voltage is restored, the digital control system detects such 
a situation in the same way that it detects when a power outage 
occurs, i.e., the estimated rms value is above the threshold of 
85%. In such case, the digital control system acts to 
resynchronize the vpll signal with the power grid voltage. To 
perform this task, the phase-error of the PLL algorithm is no 
longer forced to zero, so that the PLL starts the 
resynchronization with the power grid voltage. The 
  
Fig. 4. Simulations results considering the voltage sag depth (sag (%)), the 
voltage angle where is identified the sag (angle (degrees)), and the time 
required to detect when the rms value of the voltage is below 85% (time
(ms)): (a) Rms value calculation method; (b) Rms value estimation using a 
Kalman filter. 
(a)
(b)  
Fig. 5. Detection of a power outage: (a) Analog signal of the power grid 
voltage (vg) (50 V / div); (b) Digital signal of the power grid voltage (vg_dig)
and the pll signal. 
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vpll
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(a)
(b)
()
 5 
resynchronization process is considered complete after the 
necessary delay of 120 ms to minimize the phase-error. When 
it occurs, the switch sw is closed, the on-board EV battery 
charger stops the operation as voltage-source in the same 
instant, and the home electrical appliances are again connected 
to the power grid. Fig. 6 shows the experimental results of a 
situation when a voltage restoration and a resynchronization 
occurs. As it can be seen, before the voltage restoration, the vpll 
signal has a phase and an amplitude (as previously explained), 
and the digital signal of the power grid voltage is zero. When 
the power grid voltage is restored, the vpll signal completes the 
synchronization with the fundamental component of the power 
grid voltages after 120 ms.  
III. ON-BOARD EV BATTERY CHARGER: 
CURRENT AND VOLTAGE CONTROL ALGORITHMS 
In order to evaluate the iV2H operation mode the on-board 
EV battery charger presented in Fig. 7 was used. As it can be 
seen in Fig. 7(a), this EV battery charger is composed of an 
ac-dc converter and a dc-dc converter. In order to comply with 
the proposed operation mode, the EV battery charger must 
provide a command signal to the main switch, identified in 
Fig. 7 as sw. It is important to note that the iV2H operation 
mode can be implemented on on-board (typically with nominal 
power below 3.5 kW) or off-board systems (typically with 
nominal power above 20 kW) [27]. Because off-board EV 
battery chargers are used to charge batteries as fast as possible, 
and usually are not installed in homes, this paper relates only to 
on-board battery chargers. However, it is important to 
emphasize that the control algorithm of the proposed iV2H 
operation mode can be adapted to be used in off-board EV 
battery chargers. For such purpose it is necessary to use a 
three-phase PLL with a Kalman filter for each phase. The aim 
of using the iV2H operation mode is associated with the 
benefits for the smart grids and smart homes. 
A. Grid-to-Vehicle (G2V) and Vehicle-to-Grid (V2G) 
During the G2V and V2G operation modes, the ac-dc 
converter operates with sinusoidal current and unitary power 
factor on the ac side and regulates the dc-link voltage. The ac 
current reference in discrete time, at each instant k, is expressed 
as:  
??????? ?
??????? ? ???????????????
???????
???????? (12) 
where, ??????? is the reference power obtained from a PI 
controller to regulate the dc-link voltage, VG[k] is the rms value 
of the power grid voltage, vg[k] is the instantaneous value of 
the power grid voltage, and IBAT[k] and VBAT[k] are the current 
and voltage in the batteries, respectively. It is important to note 
that the current IBAT[k] is positive or negative according to the 
G2V or V2G operation modes, which results in a positive or 
negative current reference (iev*). With the current reference 
(iev*[k]), the ac current is controlled by: 
?????? ? ????? ??
??
?
?????????? ? ?????? ? ??
? ?????? ? ??????????? ? ????? 
(13) 
where, k denotes the actual sampling and k-1 indicates the 
previous sampling. The voltage reference that the ac-dc 
converter must produce (vcv[k]) is compared to a 20 kHz 
triangular center aligned carrier, to obtain the gate pulse 
patterns. A strategy to avoid dead-time effects was used, and it 
consists in adding a digital value to the voltage reference 
(vcv[k]) during the positive semi-cycle, and subtracting the 
same value during the negative semi-cycle. This value is 
calculated according to the amplitude of the carrier and the 
delay of the dead-time.  
On the dc side, the voltage that the dc-dc converter must 
produce (vbuck[k]) in order to charge the batteries with constant 
current is defined by: 
???????? ? ??????? ??
??
?
?????????? ? ?????????? (14) 
As aforementioned, during the V2G operation mode, the 
ac-dc converter regulates the dc-link voltage and the ac current 
reference is the function of the batteries discharging current. 
 
Fig. 7. EV battery charger used to validate the proposed iV2H operation 
mode: (a) Topology of the EV battery charger; (b) Hardware of the EV 
battery charger. 
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Fig. 6. Detection of power grid voltage restoration and resynchronization: (a) 
Analog signal of the power grid voltage (vg) (50 V / div); (b) Digital signal of
the power grid voltage (vg_dig) and the pll signal. 
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Therefore, the dc-dc converter operates as a boost converter 
and the voltage reference (vboost[k]) that allows discharging the 
batteries with the required current is defined by: 
????????? ? ???????? ??
??
?
?????????? ? ?????????? (15) 
B. Improved Vehicle-to-Home (iV2H) 
During the iV2H operation mode, the ac-dc converter is used 
to synthetize the required voltage to apply to the electrical 
appliances. The voltage that the converter must produce is 
obtained directly from the comparison of the voltage reference 
(vg*) and the triangular carrier. In this operation mode the same 
strategy is also used to avoid the dead-time effect in the 
produced voltage. In this operation mode the dc-dc converter, 
which operates as a boost converter, is used to regulate the 
dc-link voltage. This voltage is controlled by adjusting the 
duty-cycle value of the PWM modulator, i.e., the reference of 
the voltage is directly compared to the carrier in order to obtain 
the gate pulse patterns. The duty-cycle in each instant k is 
expressed according to the battery voltage and the dc-link 
voltage reference by: 
???????? ? ? ??
???????
???????
?? (16) 
IV. iV2H OPERATION MODE: EXPERIMENTAL RESULTS 
The experimental setup used to validate the proposed iV2H 
operation mode (i.e., the EV battery charger operation as an 
off-line UPS) is shown in Fig. 8. This figure shows the EV 
bidirectional battery charger and the EV batteries. Fig. 9 shows 
the load emulating the electrical appliances used in the 
experimental setup. The specifications of the on-board EV 
battery charger and the key components are shown, 
respectively, in Table I and Table II. Although the nominal 
input ac voltage of the on-board EV battery charger is 230 V, 
the experimental results were obtained with a voltage of 115 V. 
It is important to note that this operating voltage does not 
invalidate the experimental results and the verification of the 
proposed iV2H operation mode. In the future, the on-board EV 
battery charger will be integrated in our EV (CEPIUM) [28] 
and will operate at 230 V input ac voltage. The battery pack is 
composed by a set of 12 sealed absorbed glass mat (AGM) 
batteries, which are part of our EV CEPIUM. This EV was 
developed by our research group and, nowadays, is under tests 
of new concepts and motor drive controls. The EV 
bidirectional battery charger is part of this EV [28], and is also 
used in laboratory to validate new operation modes, as the 
proposed in this paper. The home electrical appliances are 
composed by incandescent lamps (i.e., resistive electrical 
appliances) and by computers and TVs (i.e., typical nonlinear 
electrical appliances composed by diode bridge rectifiers with 
input inductive filter and output capacitive filter). The 
experimental results were acquired with a Yokogawa DL708E 
digital oscilloscope. 
A. Steady State Operation 
In this item the experimental results obtained in steady state 
during the G2V and V2G operation modes are presented. 
Specifically, Fig. 10(a) shows the power grid voltage (vg) and 
the on-board EV battery charger current (iev) during the G2V 
operation mode, and Fig. 10(b) shows the same variables 
during the V2G operation mode. These results were obtained in 
a detail of 50 ms aiming at illustrating that the current is 
sinusoidal and in phase (or phase opposition) with the power 
grid voltage. It is important to note that although the power 
grid voltage is little distorted (due to other nonlinear electrical 
appliances), the current waveform is sinusoidal, contributing to 
preserve the power quality of the electrical grid. The measured 
total harmonic distortion (THD) of the power grid voltage is 
3.8% and the THD of the EV battery charger current is 1.4%.  
B. Transient Response: Power Outage 
In this section some experimental results in transient 
response when a power outage occurs are presented. For such 
purpose, the Kalman filter was used to estimate the rms value 
 
Fig. 8. Experimental setup used to validate the proposed iV2H operation 
mode (EV battery charger operation as off-line UPS). 
 
Fig. 9. Loads emulating electrical appliances used in the experimental setup. 
TABLE I 
SPECIFICATIONS OF THE ON-BOARD EV BATTERY CHARGER 
Parameters Value Unit 
Input ac Voltage (rms) 230 V 
Maximum Input ac Current (rms) 15 A 
Input ac Maximum Current Ripple 0.5 A 
Maximum Input Power 3.5 kW 
Output DC Voltage Range 100 to 300 V 
Maximum Output DC Current 10 A 
Battery Pack Nominal Voltage 144 V 
Prototype Weight 4.9 kg 
Prototype Dimensions 250 x 290 x 95 mm 
TABLE II 
KEY COMPONENTS OF THE ON-BOARD EV BATTERY CHARGER 
Device Part / Value Nº of Devices 
DSP TMS320F28335 1 
IGBT FGA25N120ANTD 6 
Inductor L1 5 mH 1 
Capacitor C 820 μF 4 
Inductor L2 300 μH 1 
Capacitor Cdc 680 μF 1 
EV Bidirectional Battery Charger
EV Batteries
Power
Grid
sw
Linear load Nonlinear load
R1
100 Ω
R2
0.1 Ω
L1
130 mH
0.5 mF
R3
300 Ω
Battery
Charger
L2
5 mH C1
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of the power grid voltage, and consequently to detect when the 
rms value falls below 85% of its nominal value. These results 
were obtained aiming at illustrating the proposed operation 
mode in two distinct situations, namely, when the EV is 
plugged in at home but not charging the batteries, and when the 
EV is plugged in and during the batteries charging process 
(G2V operation mode).  
1) EV Plugged In but not Charging the Batteries 
In the first case, is considered that the EV is plugged in at 
home, but it is not charging the batteries, when a power outage 
occurs. The experimental results for this situation are shown in 
Fig. 11. This figure shows the voltage (vea) and the current (iea) 
in the electrical appliances and the current in the on-board EV 
battery charger (iev). As it can be seen, to detect when the rms 
value decreases below 85% of its nominal value, only 0.2 ms 
were required, i.e., the transfer time is very low. In this 
situation, after the power outage, the switch sw is opened and 
the on-board EV battery charger changes the control algorithm 
to the iV2H operation mode. 
It is important to refer that the voltage produced by the 
converter has a little distortion due to the output filter of the 
on-board EV battery charger. As a consequence of this voltage 
distortion, the current is also different. This situation can be 
easily solved using distinct line filters: one for the G2V and 
V2G operation modes and other one for the iV2H operation 
mode. Nevertheless, using two distinct line filters will increase 
the size and weight of the on-board EV battery charger. Thus, 
taking into account that the main function of the EV battery 
charger is the G2V operation mode, it is not advantageous to 
use another line filter.  
Table III shows the measured THD of the voltage and 
current of the electrical appliances, before and after the power 
outage, and considering linear and nonlinear electrical 
appliances. As it can be seen, using a linear electrical 
appliance, the THD of the voltage applied to the electrical 
appliance is reduced from 3.8% to 2.2% after the power 
outage. In this case, the THD of the current is the same of the 
voltage. On the other hand, using a nonlinear electrical 
appliance, the THD of the voltage increases from 3.8% to 7.8% 
after the power outage and consequently the THD of the 
current also increases (from 24.1% to 31.0%). The THD of the 
voltage applied to the nonlinear electrical appliances after the 
power outage is a little bit higher (7.8%) when compared to the 
THD before the power outage (3.8%). Nevertheless, it is an 
acceptable value for this type of situation and it is preferable 
than a power outage [29]. Moreover, this maximum value 
(7.8%) is below the limit of 8% established by the standard EN 
50160 [30]. 
2) EV Plugged In and Charging the Batteries 
In the second case is considered that the EV is plugged in at 
home (performing the battery charging process) and a power 
outage occurs. The experimental results of this situation are 
shown in Fig. 12. In this figure the voltage in the electrical 
appliances (vea), the current in the electrical appliances (iea), 
and the current in the on-board EV battery charger (iev) are 
shown. Also in this case, 0.2 ms were required to detect that the 
rms value decreases below 85% of its nominal value. In this 
situation, the EV is performing the battery charging process 
and after the power outage, the switch sw is opened and the 
on-board EV battery charger changes the control algorithm to 
the iV2H operation mode. Also in this case, the produced 
voltage by the on-board EV battery charger has a little 
distortion due to the reasons explained before. 
C. Transient Response: Voltage Restoration 
In this section some experimental results in transient 
response during the power grid voltage restoration are 
presented. When the voltage restoration is detected, the 
transition from the iV2H operation mode to the steady state 
operation does not occur realized immediately. Before the 
transition, a time delay is used for a complete synchronization 
of the PLL with the power grid voltage. Fig. 13 shows a 
situation of a voltage restoration, i.e., the PLL 
resynchronization with the power grid voltage and the 
transition from the iV2H operation mode to the steady state 
 
Fig. 10. Experimental results of the power grid voltage (vg) (50 V / div) and 
the on-board EV battery charger main current (iev) (5 A / div): (a) During the 
G2V operation mode; (b) During the V2G operation mode. 
vg ()iev vg iev(a) (b)
 
Fig. 11. Experimental results of a power outage detection when the EV is 
plugged in but not charging the batteries: (a) Voltage in the electrical 
appliances (vea) (50 V / div); (b) Current in the electrical appliances (iea) 
(5 A / div); (c) Current in the on-board EV battery charger (iev) (5 A / div). 
TABLE III 
THD OF THE VOLTAGE AND CURRENT OF THE ELECTRICAL APPLIANCES 
Electrical 
Appliance 
Before the 
Power Outage 
After the Power 
Outage 
Linear 
vea 3.8% 2.2% 
iea 3.8% 2.2% 
Nonlinear 
vea 3.8% 7.8% 
iea 24.1% 31.0% 
vea
iea
iev
Before the voltage outage After the voltage outage
(a)
(b)
(c)
()
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operation. In this figure the voltage applied to the electrical 
appliances (vea) is shown, as well as the digital signals of the 
PLL and power grid voltage. After the PLL resynchronization 
with the power grid voltage, the electrical appliances are 
connected again to the power grid, i.e., the switch sw is closed 
and the on-board EV battery charger returns to its normal 
operation. As presented before, a power outage can occur 
during the G2V operation mode. In this situation, the on-board 
EV battery charger stops its normal operation and changes the 
control algorithm to the iV2H operation mode. When the 
voltage is restored, and after the required delay to the 
resynchronization, the on-board EV battery charger returns to 
its normal operation, i.e., the G2V operation mode (battery 
charging process). Fig. 14 shows the experimental results 
when the electrical appliances are connected again to the 
power grid. As it can be seen, no transient phenomenon was 
observed when the switch sw (c.f. Fig. 7) is on again. Once 
there are no restrictions to start the battery charging process 
(the time required to perform the full battery charging process 
is higher than the time in the iV2H operation mode), this task 
can be performed carefully, in order to avoid possible relapses 
of power outages. This situation is illustrated in Fig. 15, where 
about 100 ms were required. 
V. CONCLUSION 
This paper presents a study that was conducted in order to 
assess the electric vehicle (EV) operation as an off-line 
uninterruptible power supply (UPS). For such purpose, an 
on-board EV battery charger controlled in the grid-to-vehicle 
(G2V), in the vehicle-to-grid (V2G) and in the improved 
vehicle-to-home (iV2H) operation modes was used. Using the 
limit of 85% of the nominal power grid rms voltage value (0.85 
x 115 V) to indicate a power outage, two algorithms to detect 
this situation are compared: the rms value calculation based on 
half cycle of the power grid voltage, and the rms value 
estimation based on a Kalman filter. The iV2H operation mode 
was experimentally validated in both steady and transient 
states. Two distinct situations were considered in transient 
state, namely, when a power outage occurs with the EV 
plugged in but not charging the batteries and with the EV 
plugged in and charging the batteries. Experimental results of 
the proposed iV2H operation mode during transient and steady 
states showing the detection of a power outage and the voltage 
restoration are presented. 
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